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APPLIED TECHNOLOGY LABORATORY POSITION STATEMENT

This report documents an attempt to develop wear-life equations for
Teflon-lined rod end bearings used in helicopter flight control appli-
cations. The approach used in ‘this program was unique, in that it was
the first time that statistical design of experiments and statistical
analysis of results were applied to the complex load/velocity regimes
encountered in helicopter flight control applications. This approach,
by reducing the number of required test specimens ‘to a reasonable level,
is economically viable and holds great promise for the development of
an accurate wear-life predictive equation.

It is important to note that the equations that were developed during
this program can be considered only as a first step toward a highly
accurate predictor. They are not accurate enough to be used for wear
calculations; however, they can be used as wear trend indicators.
Additional testing will be required before these first-step equatioms
can be evolved into highly accurate wear predictors. This laboratory
is anticipating an in-house effort to accomplish this evolution.

The Technical Monitor for this program was Mr. Joseph D. Dickinson of
the Applied Aeronautics Technical Area, Aeronautical Systems Division.
Consultation regarding the statistical aspects of the work was provided
by Mr. Timothy D. Evans of this laboratory. ~
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SUMMARY

The objective of the work performed under this contract was to
develop analytical methods for the selection of dry-lubricated
flight-control bearings for helicopter conditions of use. The
conditions of use selected for investigation included appro-
priate ranges of static radial load, cyclic radial load, angle
of ball oscillation, phase angle between cyclic radial load and
angle of ball oscillation, speed of ball oscillation, static
axial load, contamination (hostile environments) and combina-
tions of these variables.

A statistically designed test program was performed to determine
the effect on bearing-liner wear-life of these variables and
their combinations. " Wear-life equations were derived from the
test results by statistical process. The wear-life equations
were tested by selecting additional test conditions and running
further tests.

It was found that the entire population of 48 test bearings
consisted of two separate and distinct populations, namely:
bearings with water contamination and bearings without water
contamination. Within the specified limitations, the wear-life
equations allow a designer to calculate wear and radial play
with a statistically accepted confidence level. However, the
designer is cautioned that the predictive equations may not be
within +3 times the standard error of the estimate for the very
short lives that result when water is present.

By rigorous definition, the wear-life equations are valid for
the test conditions of this program: one size, one manufacturer
and the variables tested over the ranges tested. However, test
data are cited in Appendix E which indicate the equations will
be valid over a range of sizes and for equivalent quality of
manufacture, indicating that cautious general use of the wear-
life equations may be made.

One portion of the program was to investigate the modification
of an existing bearing wear-life equation to see if it could

be made to be accurate for helicopter control system conditions.
No successful modification was found. An equation was derived
from the test data based on the well-known pressure x velocity
(PV) approach. It was shown that PV is a significant variable.
However, the PV equation explains only 32.8% and 63.2% of the
variation in wear factor for the bearings tested without water
and with water, respectively.
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Another portion of the program investigated the incremental
wear theory. This theory recognizes that a force is applied
by the ball to the liner and the force travels a known dis-
tance. By definition, work is done. Some of the work results
in wear. According to this approach, an increment of force
which moves an incremental distance will produce an increment
of wear. One corollary of this theory is that total wear is
independent of the sequence with which various parts of a duty

cycle are performed. Test data seems to confirm this corollary.

This is an important concept because it allows the summing of
wear lives from different load exposures during a mission
profile.

A second corollary is that bearing-liner wear capacity can be
measured by a very low-cost continuous-rotation wear test.
This corollary was not proven or disproven because non-typical
wear occurred during testing, a result of continuous-rotation
test conditions that were inadvertently over-severe.

It was concluded that statistical design of test conditionms,
coupled with statistical analysis of test results, is a very
useful procedure for investigating the many variables asso-
ciated with helicopter control system bearing selection. The
wear-life equations presented in this report represent a
significant first step in improved helicopter flight-control
bearing selection. It is recommended that the scope of the
wear-life equations be increased by additional testing to
evaluate the effects of bearing size, manufacturer, out-of-
plane motion, water, and combinations of contaminants such as
water with sand and dust and oil with sand and dust. Further,
additional continuous rotation tests with lower energy input
should be done to pursue this low-cost approach to bearing
life testing.
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PREFACE

The Applied Technology Laboratory at Fort Eustis, Virginia
supervises research programs aimed at improving the life and
reliability characteristics of components used on current and
future Army helicopters. The prediction of wear life and
reliability of dry lubricated flight control bearings used in
helicopters has been identified as a problem area. Accordingly,
the development of an improved analytical method of bearing
selection for specific application requirements has been per-
formed under Contract DAAJ02-76-C-0035. Technical direction
was provided by Mr. Joseph McGarvey, Mr. M.B. Salomonsky,

Mr. E.A. Birocco, and Mr. Joseph D. Dickinson, Aerospace
Engineers at the Applied Technology Laboratory at Fort Eustis,
Virginia. This report describes the test planning, the test-
ing, the data analysis, and the development of the design
equations. The test specimens were Type I Spherical Flight
Control Bearings fabricated in conformance with MIL-B-81819,
Draft #5 and MS14101-6 Bearing Standards by Rexnord Inc.
Bearing Division, Downers Grove, Illinois. The program re-
ported herein was accomplished during the period from 22 June
1976 to 28 February 1978. The work was conducted at Kaman —
“Ke&rospace Corporation, Bloomfield, Connecticut under the
technical supervision of Mr. Edward Nagy, Project Engineer.

He was assisted in the desigii 0of theé experiments and equation
derivation by Mr. C.W. Carter, an industrial management con-
sultant with considerable expertise in the statistical and
factorially designed experimental testing field. Overall
cognizance of the program was maintained by Mr. Robert B.
Bossler, Jr., Chief of Mechanical Systems Research.
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INTRODUCTION

Rod end bearings are used extensively in helicopters, and a
large percentage of these bearings are located in the flight
control systems. The behavior of a helicopter in flight is
peculiarly dependent on flight control bearings. Dry lubri-
cated bearings are widely used because they are cost and
weight effective. Characteristically, a ball is mounted
within a surrounding metallic shell which has a spherical in-
ternal cavity fitted with a low friction wear surface usually
made of some form of polytetrafluoroethylene (PTFE). This
configuration permits relative motion about one, two or three
axes; but, as with all bearings, internal clearance must be
present in order to allow relative motion of the parts. Too
much internal clearance, such as caused by wear, leads to lost
motion between the pilot's input and the rotor(s) response.
The lost motion often leads to pounding when loads reverse
rapidly, usually with each revolution of the rotor, thus
causing serious vibration problems. Bearing wear can accel-
erate in these conditions, making a bad situation worse and
possibly leading to the eventual loss of the helicopter. Thus,
considerable scrutiny is given to the selection and test eval-
uation of dry lubricated flight control bearings.

Unfortunately for the helicopter industry, the selection of
dry lubricated flight control bearings is handicapped by a
lack of information concerning their behavior under typical
helicopter load, speed and environmental regimes. One can
understand why detailed bearing performance data suitable for
wear prediction is so sparse. The explanation is that there
are very many factors which act and interact to produce wear
in complex bearing applications. The relationships among these
factors are imperfectly understood, so that their individual
and interactive contributions to bearing wear have not been
adequately described mathematically nor determined empirically.

The helicopter controls designer is painfully aware of the
lack of good bearing design information for his applications,
which involve relatively high sliding velocities and periodic
vibratory or cyclic loading at different frequencies, in or
t of phase with the sliding motion. These complex factors
nteract among themselves and with various environmental

/factors to make the prediction of bearing wear more an art

than a science. Nonetheless, the control designer must come
to grips with the problem. The techniques used vary with the
individual, his experience, and the application. In general,
however, the major considerations affecting the selection of
a particular bearing include estimates of peak loads, oscil-
latory frequencies, the geometry of the particular application
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(will the bearing fit?) and a large measure of prior experience.
The selection, then, is subject to change and modification as

a result of expensive and time-consuming tests, and too fre-
quently the changes are major.

The objective of the work performed under this contract was to
develop analytical methods for the selection of dry lubricated
helicopter flight control bearings for specific conditions of
use. The conditions of use include static radial load, cyclic
radial load, speed of ball oscillation, angle of ball oscil-
lation, phase angle between cyclic radial load and angle of
ball oscillation, static axial load, contamination and com-
binations of these variables. Performance was to be measured
by radial clearance which is directly related to wear. Equa-
tions would be developed which would permit the designer to
predict the wear expected from a particular application and
therefore to select a bearing which has the reliability re-
quired.

18




TECHNIQUES FOR EQUATION DEVELOPMENT

We have used three general analytical techniques in developing
a wear-life equation. These techniques are an empirical, a
deterministic, and a theoretical approach to equation develop-
ment. They are discussed separately below.

Preliminary to the task of developing a design equation, a
series of test results must be obtained. These test results
must be secured through a planned experiment in order to
obtain answers in the most efficient and productive manner.
The empirical approach was used to design most of our tests.
The statistical methods of fraction-factorial experimentation
which were utilized digressed from the primitive pattern of
keeping all things constant while changing only one variable.
Instead, the methods consisted of varying many factors within
the constraints of statistical discipline. The technique
evaluated the effect on the dependent variable, bearing wear,
of each independent variable linearly and nonlinearly and the
interactions of two or more independent variables. It iden-
tified and eliminated variables and combinations of variables
which had negligible influence on bearing wear. The technique
did not require massive amounts of testing. Because of the
large number of independent variables, this approach was con-
sidered the most realistic. It gave better results with higher
confidence at lower cost than any other method.

We have found no evidence of the application of statistical
design of experiments or statistical analysis of results in
the dry lubricated bearing industry. While it has been
applied successfully in many other instances involving mul-
tiple variables, we seem to be plowing new ground with this
particular application. Postulating the variables most im-
portant to wear and inferring their interactions requires
engineering judgment and opinion. While we believe our under-
standing of these mechanisms is adequate for many purposes,
the interactions described in the Taylor expansion equation
and the test design allow impartial test results to determine
the relative importance of the variables and their actions in
the wear equation. This eliminates bias which would influence
results in a conventional deterministic approach.

The second general analytical technique was the deterministic
approach. This approach assumed that important variables and
their interactions are known qualitatively. The work to be
done was to express the equation quantitatively. Essentially,
a presently used bearing selection equation was changed as
required by the test data to produce a wear life equation for
the particular type and make of bearing tested.
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Finally, tne third analytical technique was the theoretical
approach. It is obvious that a force is applied by the ball
to the liner and the force travels a known distance. By
definition, work is done. Some of the work results in wear.
We attempted to solve for the increment of wear produced by
each increment of force as it moves through each increment of
distance. This calculation is amenable to integral calculus
and is easily adapted to computer calculation. Two important
corollaries appear logical:

l. Total wear is independent of a series of required
duties.

2. Wear life of a bearing can be assessed by a simple
continuous rotation test wherein wear, pressure and
distance-under-pressure are measured.

The first corollary is important because it allows the summing
of wear lives from different load exposures during a mission
profile. The second corollary is important because such test-
ing is very fast, simple and cheap compared to conventional
bearing evaluation testing.
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EMPIRICAL APPROACH

INTRODUCTION

The empirical approach consisted of:

1. Identification of the primary operating parameters.
2. Identification of additional operating parameters.
3. Selection of variables to be tested.

4. Selection of variable levels.

5. Selection of statistical testing technique.

6. Development of experimental design for screening
tests.

7. Completion of the screening tests (twelve-bay test
rig).

8. Development of preliminary equations using stepwise
multiple regression.

9. Selection of test conditions for validation tests.

10. Completion of the validation tests (twelve-bay test
rig).

1ll. Development of final equations using stepwise multiple
regression.

PRIMARY OPERATING PARAMETERS

The following factors can influence bearing wear, service life,
and reliability:

Linear Sliding Velocity - This parameter is the velocity
of the ball relative to the race (liner). This quantity
is a function of the angle through which the ball rotates

relative to the race, the frequency of this motion, and
the ball's diameter.

Static Radial Load - Although control rod ends are
operating in cyclic motion, they are usually subject to
a static load during the entire cycle.

Cyclic Radial Load - This parameter varies with rotor
azimuth position and has magnitude, frequency, and
phasing relative to the sliding velocity.

Static Axial Load - This factor can be described as the
force along the axis of the ball's bolt hole tending to
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dislodge the ball from the race. This factor can be
significant because there is relatively little bearing
surface to react the load.

Cyclic Axial Load - This load varies with rotor azimuth

and has magnitude, frequency, and phasing relative to
the sliding velocity.

Out-of-Plane Motion - This parameter can be described

as the angle, and phasing of motions out of the design
plane of rotation, caused by the ball rotating about an
axis other than the axis perpendicular to the plane of
the race (wobble about the normal axis of rotation).

Temperature - MIL-B-81819 Draft #5 states by reference
to MS14101 and MS14104 that the upper temperature limit
is 325°F. However, temperatures below 325°F reduce the
wear life of these bearings. Approaching wear-out,

temperature increases at the liner surface, thus accel-

erating wear.

Contamination - The contaminants cited in MIL-B-81819

Draft #5 increase bearing wear depending on the make of
bearing. In addition, P-D-680 Type I cleaning solvent,
salt water, M2V hydraulic oil, and JP-5 fuel may in-
crease bearing wear in certain liner systems.

ADDITIONAL OPERATING PARAMETERS

In addition to the previously mentioned parameters, the follow-
ing parameters can be considered to affect bearing wear life
in helicopter usage:

1.

2.

Cyclic radial load phase relative to the maximum
linear velocity.

Cyclic axial load phase relative to the maximum
linear velocity.

Cyclic radial load frequency relative to the ball
oscillation frequency (1 per rev, 2 per rev, etc.).

Cyclic axial load frequency relative to ball
oscillation frequency (1 per rev, 2 per rev, etc.).

Salt water contamination (This parameter can have
especially severe effects on bearing performance,
but Army helicopters normally do not operate in
salt-laden air.)
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12.
13.
14.
15.

Inner race or outer race rotation.

Bearing size.

Bearing manufacturer and liner system used.
Compression or tension loading.

Break-in.

Initial clearance (both radial and axial).
Interference fit.

Hours of usage.

Attitude (horizontal or vertical, shank up or down).

Bearing internal friction.

VARIABLES SELECTED FOR TESTING

Appendix A of this report describes the rationale used in the
selection of the variables to be tested in this program. Of
the various parameters previously listed, the following vari-
ables were selected for investigation:

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

11.

Sand and dust contamination.
Cleaning solvent contamination.
Hydraulic fluid contamination.
Water contamination.

Static radial pressure.

Speed of ball oscillation.

Ball oscillating angle.

Cyclic radial pressure.

Static axial load.

Phase angle between the cyclic radial pressure and
the ball oscillating angle.

Compression and tension loading.
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12. Hours of usage.

SELECTION OF VARIABLE LEVELS

Once the variables had been identified, the number of levels
and the values for these levels had to be determined for each
variable. Table A-1 of Appendix A presents a list of the
common helicopter ranges of variables and the four pages
immediately following Table A-1 describe the reasoning used to
select the levels. Contamination was listed as one variable
with five conditions: none, sand and dust, cleaning solvent,
hydraulic fluid, and water. Static radial pressure (psi) had
four levels: 2000C, 1000C, 0, and 2000T. Speed of ball
oscillation (cpm) had three levels: 300, 600, and 900. Ball
oscillating angle (deg) had three levels: 5, 10, and 15.
Cyclic radial pressure (psi) had four levels: 0, 1000, 1500,
and 2000. Phase angle (deg) between ball oscillating angle
and cyclic radial pressure had three levels: 0, 45, and 90.
Static axial load (1b) had three levels: 0, 30, and 60.
Finally, the hours of usage was set at 350 hours or failure,
whichever came first.

STATISTICAL TESTING TECHNIQUE

To examine, in a full factorial experiment, the main effects

and all interactions for the first seven variables and their
respective levels as previously listed, a total of 5x4x3x3x4x3x3
(or 6480) tests would be required. The number of tests was
reduced to a practical size by using a modified random assign-
ment type of fraction factorial technique. Appendix A describes
this technique and summarizes the major steps to develop the
experimental design.

DEVELOPMENT OF EXPERIMENTAL DESIGN FOR SCREENING TESTS

Briefly, the fractional factorial technique that was used
herein consisted of the following steps:

1. Select the number of tests to be performed in the
screening test phase of the program. (In this
program, 36 tests were selected as discussed in
Appendix A).

2. Use a table of random numbers to help select the
particular level to be used for each variable in
each particular test. This is subject to the con-
straint of balance which calls for an equal number

24




of tests for each level of a given variable. The
only exception was the variable contamination which
had five conditions. It was decided that seven test
specimens were to be tested with each of four con-
taminants and eight test specimens were to be tested
with no contaminants.

3. Identify each of the 21 possible first-order inter-
actions and any of the second-order interactions
which have likelihood of being significant.

4. For each of the interactions identified, draw an
interdesign interaction matrix with the number for
each test located in the proper element of the
matrix. See Figure 1 for interdesign BXF as an
example. (Note that the ideal design consisted of
an equal number of test specimens located in each
element. At least 2 specimens should be provided,
if possible, for replication purposes.)

5. Reassign test specimen numbers within each of the
matrices wherein imbalance exists.

6. Finally, choose the test bays and the order of
testing by the random number process, being careful
to remain within .the constraints of the test rig.
Restrictions imposed by the test rig included:

a. Only twelve bearings could be tested at one time.
b. Of the twelve bearings in a above, four had to

be tested at 300 cpm, four at 600 cpm, and four
at 900 cpm.

The final conditions chosen for the screening tests are shown
in Table 3 of this report and in Table A-3 of Appendix A.
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BXF INTERACTION OF THE 36 TEST SPECIMENS

F - STATIC AXIAL LOAD

F; = 0 LB F, = 30 LB | F3 = 60 LB
S By=300 | 25 30, 33,| 28, 29 96, 27, 31,
36 32, 34, ‘35
Speed
i 1,3, 4 25 Sy 6 Ty 1110
B,=600 ’ r ’ ’ r ’ ’
Ball 3 PR e b 9
Oscil-
EEE o M S 139dg; 907 04, 16, 17,
(CPM) 2 21,23, 24 4 19
Note: Numbers inside the matrix are the bearing test

specimen numbers.

Figure 1.

Interdesign interaction BXF
(for 36 screening tests).
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SELECTION OF TEST CONDITIONS FOR VALIDATION TESTS

In direct contrast to the random selection of conditions for
the screening tests, the conditions for the validation tests
on the twelve-bay test rig were selectively determined. Once
the screening tests had been completed, a stepwise regression
analysis, as described in Appendix B, was performed in order
to obtain a preliminary equation for wear. This equation was
used to calculate predicted wear values for all levels of the
primary variables--contamination, static radial pressure, CPM,
angle of .oscillation, cyclic radial pressure, static axial
load, phase angle--for 350 hours of test time. As discussed
in Appendix C in greater detail, the total number of calcu-
lations was 10,125. From these predicted wear values, 78
conditions were chosen to represent both the highest and
1owest calculated wear values. (Some of the lowest calculated
wear values were even negative.) Eventually, twelve conditions
were chosen for the validation tests. Please see Appendix C
for a more detailed description of the selection process. The
test conditions selected for the validation tests are shown in
Table 5 and Table C-3 of Appendix C.
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DETERMINISTIC APPROACH

INTRODUCTION

The deterministic approach utilizes existing bearing selection
techniques modified as required by the test data. Suitable
bearing selection equations were changed to produce a wear life
equation for the particular type and make of bearing tested.

EQUATIONS SELECTED

Our literature search through the auspices of University of
Connecticut's New England Research Application Center (NERAC)
and other sources, although obviously not all-encompassing,
unearthed various equations presented by bearing manufacturers.
One of the best equations was given in nomograph form by Rex-
nord, Inc., Downers Grove, Illinois. The Rexnord equations
were also chosen because they were presented for the Rexlon
liner system, the very system possessed by the bearings tested
in this program. The Equation Development section of this
report describes the Rexnord equations and their subsequent
modification.

As discussed in Appendix D of this report, our attempts to
revise the Rexnord equations to fit our test data were not
successful. After trying other equations, we finally had
partial success with the frequently used PV-Wear factor
equation. The modified equation produced predicted values
which explained 32.8% and 63.2% of the variation in wear factor
for the bearings tested without water and with water, respec-
tively. The Equation Development section of this report
describes the equation modification in detail.
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THEORETICAL APPROACH

INTRODUCTION

Our theoretical approach to bearing wear life prediction re-
lied upon a simple, basic energy concept. A force applied to
the liner by the ball travels through a known distance and
consequently work is done. Some part of this work results in
wear. Within limits of load and velocity, wear is linear with
distance.

The intent was to solve for the increment of wear produced by
each increment of force as it moved through each increment of
distance. Test data from the continuous rotation test rig

was used for this calculation. The information needed to pre-
dict wear life was wear versus pressure at all anticipated
velocities. According to the theory, with this information
life can be calculated for any combination of static and dynamic
loads acting at any relationship to any ball motion. The wear
life is a function of the sum of the absolute values of the in-
stantaneous pressure times the instantaneous velocity. This
calculation is amenable to integral calculus and is easily
adapted to computer calculation. Two important corollaries
appear logical:

(1) Total wear life is independent of a series of
required duties.

(2) Wear life of a bearing can be. assessed by a
simple continuous rotation test wherein wear,
pressure and distance-under-pressure are measured.

The first corollary is important because it allows the summing
of wear lives from different load exposures during a mission
profile. The second corollary is important because such test-
ing is very fast, simple and cheap compared to conventional
bearing evaluation testing.

COROLLARY NO. 1

In an attempt to prove this corollary, tests of two identical
MS14101-8 bearings, serial numbers 363 and 364, were conducted
on the four-bay test rig from September 15, 1976 to November
12, 1976. Each bearing was tested a total of 638.5 hours and
was subjected to approximately 128 hours of testing at each of
five different load levels. The bearings were alternated from
bay no. 1 to bay no. 2 so that each bearing had approximately
320 hours of testing in each of the two test bays. The test
rig is described in the Test Program section of this report.
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The radial load was always tension (never compression) and the
five levels of load were 240, 480, 600, 720, and 960 pounds.
The 600-pound load developed a static radial pressure of

approximately 2000 psi.

The oscillation frequency of the in-

plane motion of the ball was 300 cpm with a +10° angle of

oscillation.
tamination was used.

axial load, and zero phase angle were used.

COROLLARY NO. 2

No out-of-plane motion was present and no con-
Zero cyclic radial pressure, zero static

In order to investigate this corollary, continuous rotation
tests had to be performed.

An orthogonal Latin square design was chosen for the contin-
uous rotation wear tests because a balanced design could be

obtained with the four variables:

static radial pressure,

speed of ball rotation, static axial load, and out-of-plane

motion. The initial pattern is shown in Table 1.
TABLE 1. LATIN SQUARE DESIGN
STATIC | STATIC
RADIAL | AXIAL LOW SPEED HIGH SPEED
PRESSURE| 1,0AD ||OUT-OF-PLANE | IN-PLANE JOUT-OF -PLANE | IN-PLANE
HIGH X X X X
49 55
HIGH
LOW X X X X
51 53
HIGH X X X X
52 54
LOW
LOW X X X X
50 56

If one test specimen was provided for each element in the
array, a total of 16 test specimens would be required. By
providing only eight test specimens (Specimens #49 through #56),

located as shown, the design became a half-replicate.

The

design still had balance, but the main effects have been con-
founded with the second-order interactions and the first-order
interactions have been confounded with themselves.
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SELECTION OF VARIABLE LEVELS

The Latin square design of Table 1 listed the four variables,
each of which had two levels. The low static radial pressure
was chosen to be 2000 psi compression because this was the
radial pressure specified for the dynamic test requirements of
MIL-B-81819, Draft #5 and was used by the Naval Air Develop-
ment Center at Warminster, Pa. for the tests discussed in
Appendix E of this report. The high static radial pressure
was chosen to be 4000 psi compression because this was the
maximum radial pressure ever applied to any of the test bear-
ings in the twelve-bay test rig.

Next, the PV relationship was used to determine the high and
low values for the speed of ball rotation. The maximum PV
used in the screening tests in the twelve-bay test rig was
50,572 psi-fpm. A PV of this magnitude on the continuous
rotation test rig would require a ball rotational speed of
77.3 rpm at the 4000 psi static radial pressure level. For
simplification, the high value of ball rotational speed was
chosen to be 75 rpm which produced a ball surface velocity of
12,27 fpm. The 75 rpm speed developed a PV of 49,086 and
24,543 psi-fpm for the 4000 psi and 2000 psi static radial
pressure levels, respectively.

A PV of 32,725 psi-fpm was calculated for the -6 bearing
dynamic test requirements of MIL-B-81819, Draft #5. A PV of
this magnitude on the continuous rotation test rig would re-
quire a ball rotational speed of 50 rpm at the 4000 psi static
radial pressure level. Thus, the low value of ball rotational
speed was chosen to be 50 rpm which produced a ball surface
velocity of 8.18 fpm. The 50 rpm speed developed a PV of
32,725 and 16,362 psi-fpm for the 4000 psi and 2000 psi static
radial pressure levels, respectively. It is important to note
that the selection of the 50 and 75 rpm speeds produced four
different PV test values that were in the ratio of 1, 1.5, 2,
and 3 times the lowest value of 16,362.

The high static axial load was chosen to be 60 pounds, which
was the highest static axial load used on the twelve-bay test
rig. The low static axial load was chosen to be zero. The
out-of-plane motion was chosen to be 6° which was equivalent
to the transient values listed for the transverse and rota-
tional angles of oscillation in Table A-1, Appendix A, of this
report.

The resultant list of test conditions is shown in Table 2.
The Test Results section of this report describes the selection
of test conditions for the validation tests.
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TEST PROGRAM

INTRODUCTION

In or@er to obtain the data for the equation development phase
of this program, it was necessary to procure test bearings, in-
stall them in housings, modify test rigs, and conduct the tests.

OBJECTIVE

The overall objective of the test program was to measure the
wear of the test bearings at various times as the bearings
were being tested in order to be able to accurately determine
the shape of the wear curve, including any break-in wear phe-
nomenon. Specific test objectives were:

1. Obtain test results from 3 separate test runs
using 12 test specimens per run for a total of
36 specimens.

2. Obtain test results from 4 separate runs using
2 specimens per run on the continuous rotation
wear rig.

3. Obtain test results from 1 validation test run
performed on each of 12 individual test specimens.

4. Obtain test results from 1 validation test run
performed on each of 2 test specimens on the
continuous rotation wear rig.

5. Obtain test results from 2 MS14101-8 bearings
to be tested on the |four-bay test rig.

DESCRIPTION OF TEST RIGS

The test specimens were tested in one of three wear test rigs.
These three test rigs will be described in detail in the
following subparagraphs.

A. Twelve-Bay Wear Test Rig - This test rig was a modifica-
tion of the existing twelve-bay wear test rig which was used
to test the wear-irndicating rod end (WIRE) under USAAMRDL
Contract DAAJ02-75-C-0031. (See Reference 1 for a complete
description of the test rig with photographs included.) As
shown in Figure 2, the wear test rig consisted of twelve

1l Nagy, E.J., Wear-Indicating Rod End Bearing, USAAMRDL Tech-
nical Report 76-14, Eustis Directorate, U.S. Army Air Mobility
Research and Development Laboratory, Fort Eustis, Virginia,
September 1976, ADA030641.
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individual test stations. Each test station had provisions
for testing one test specimen. The test specimen was posi-
tioned midway between two heavy-duty rig bearings. A suitable
length NAS464-6 bolt was used to clamp two bushings against
the ball of the bearing and to provide the radial load path.

As shown in Figure 3, radial load (both static and cyclic of
either tension or compression) was provided by a shaft-driven
cam coupled to a 2 to 1 load multiplier arm. The static load
was adjusted with the turnbuckle and the cyclic load was
adjusted with the cam.

For the bearings which were tested with zero cyclic radial
load, the vibratory radial load cam was removed and replaced
with a spring-bank assembly as shown in Figure 4. The spring
was selected with a spring rate of approximately 150 pounds
per inch. Thus, less time was required to check and readjust
the loading for these test bearings.

The test specimen at each test station was thus radially loaded
and held stationary while the ball was oscillated through the
required angle by a torque arm which was also part of the afore-
mentioned bolt-bushing-ball stack-up. The torque arms for bays
#1, 2, 3, and 4 were driven by a common oscillating shaft and
the radial load cams for bays #1, 2, 3, and 4 were driven at

the same speed. The timing belts and the three 45° spaced holes
on the vibratory radial load cam shaft allowed the phase angle
between the cyclic radial load and the ball oscillating motion
to be adjusted to 0°, 45°, or 90° for each test specimen. A
similar setup was available for bays #5, 6, 7, and 8 as well as
bays #9, 10, 11, and 12, except that bays #9, 10, 11, and 12

ran at a higher speed than bays #1, 2, 3, and 4. Bays #5, 6,

7, and 8 ran at a speed intermediate between the bays situated
on both sides. The entire test rig was driven by a 7.5-hp
vari-drive electric motor which allowed adjustment of the rig
speed.

The ball angular oscillation was adjusted by positioning the
horizontal push-rod in any of the three possible horizontal
positions.

The axial load was applied to the test specimen using a setup
as shown in Figure 5. The spring which was previously cali-
brated for compression load versus compressed length was used
to apply the axial load to the ball of the bearing via a steel
cable. The load was reacted by a steel spacer.
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The water and sand and dust contaminants were manually applied
to each side of the ball by either spraying or dusting while
the ball was being oscillated. The contaminants were applied
once each hour for 8 hours, followed by approximately 16 hours
without contamination being applied, at which time the contam-
ination cycle was repeated.

The load applied to each of the twelve test specimens was
established and continuously verified by the use of twelve
strain-gage bridges (one for each test specimen). These
bridges were Poisson axial bridges located on the radial load
application arm located directly below the specimen as shown

in Figure 3. Each of the twelve bridges was calibrated against
company standards. The signals from the individual bridges
were fed through necessary signal-conditioning apparatus and
read out on a CEC 1l2-inch oscillograph.

B. Continuous Rotation Wear Test Rig - As shown in Figure 6
the continuous rotation wear test rig had provisions for test-
ing two test specimens simultaneously. Each test specimen was
installed at the end of one of two continuously rotating shafts
which were supported on suitable bearing pillow blocks. The
shafts were driven through an adjustable sheave V-belt instal-
lation by a constant speed motor. Thus, both test bearings
were tested at the same speed within the range of 50 rpm anq
75 rpm. The two test stations each had provisions for app i-
cation of steady axial load up to a maximum of 60 pounds with
a cable-pulley deadweight system. The radial load at each
test station was developed by deadweight applied through.a.
force multiplying lever system and had radial load capability
up to 642 pounds. Provisions were made available at each test
station to align the ball for 0° (in-plane testing) or up to
6° (out-of-plane) testing.

C. Four-Bay Wear Test Rig -~ This rig is a four-bay constant
radial load test rig. The location of the test specimen spaced
midway between two rig bearings and the use of an NAS464 bolt
for both clamping bushings against the ball of the test bearing
and providing the radial load path make this test rig very
similar to the twelve-bay rig. However, the test specimen is
located such that the centerline of the bolt hole in the ball
and the applied radial load lie in a horizontal plane rather
than a vertical plane. The steady tension load was applied by
a turnbuckle and monitored with a Chatillon dynamometer.
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TEST SPECIMEN

The test bearings used in this program were limited by Request
For Quote DAAJ02-76-Q-0004 to Type I spherical flight control
bearings fabricated in general conformance with MIL-B-81819,
Draft #5 and demonstrating wear performance consistent with
bearings G-16-2 (Rexnord TGA-716, Rexlon -2) and G-16-8 (Kahr
KNDB16-32, Kahrlon X12005) which were -16 size bearings tested
by the Naval Air Development Center, Warminster, Pennsylvania
to test condition #2 of Table 1II, page 7, MIL-B-81819, Draft
#5. Since Request For Quote DAAJ02-76-Q-0004 also specified
that existing test rigs be used, Kaman Aerospace Corp. proposed
testing of -6 size bearings which could be easily tested in
their existing twelve-bay test rig. Rexnord bearings were
eventually used because the delivery schedule for these bear-
ings was more consistent with the schedule of this program.
Seventy-six bearings were obtained from Rexnord with part
number TGA-706, Rexlon -2 liner system. These bearings were
MS14101-6 bearings which had to bes installed in Kaman manu-
factured rod ends for use in this program. Figure 7 depicts
the rod end housing manufactured by Kaman Aerospace Corp. for
the testing. A minimum of 14 housings were manufactured for
use in this program. These housings were designed to be
identical to the requirements of MIL-B-81819, Draft #5, Table
II and Figure 3.

TEST PARAMETERS

The test specimens described above were tested in various
conditions and in two different test rigs. Forty-nine test
specimens were tested on the twelve-bay test rig and ten test
specimens were tested in the continuous rotation test rig.
The test conditions for these test specimens as well as for
the two MS14101-8 bearings tested in the four-bay test rig
follow.

A. Screening Tests in Twelve-Bay Test Rig - Table 3 lists
the test conditions for the screening tests. (See Appendix A
ior a summary of the modified fraction factorial technique
used to establish these test conditions.) As shown in Table
3, a total of 36 test specimens were tested in groups of 12.
Column 2 of Table 3 specifies a sequence number of 1, 2, or 3
for each screening test, indicating whether the test specimen
was tested in the first, second. or third grouvp of 12. Column
3 indicates which bay of the test rig was used for each spec-
imen. The remaining seven columns of Table 3 list the values
of the seven variables to which the respective specimens were
subjected. Table 4 lists the seven variables and their re-
spective levels.
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2
TABLE 4. LIST OF VARIABLES AND THEIR.RESPECTIVE LEVELS
L CODE VARIABLE LEVELS
A Static Radial Pressure (psi) 2000c, 1o00Cc, O,
2000T (See Note 1)
B Speed of Ball Oscillation (cpm) 300, 600, 900
C Ball Oscillation Angle (degq) +5, 10, %15
D Cyclic Radial Pressure (psi) 0, 1000, +1500,
2000
E Phase Angle Between C & D (deg) 0, 45, 90
F Static Axial Load (1lb) 0, 30, 60
G Contaminants None, S&D, Water,

500A, 680 (See
Notes 2 through 5)

NOTES:

1. "C" indicates that the radial load arm on the
test rig will be in compression. "T" indicates
tension.

2. S&D means sand and dust (Arizona Road Dust,
P/N 1543094).

3. Water means distilled water.
4. 500A means Skydrol 500A hydraulic fluid.

" 5. 680 means P-D-680, Type I, dry cleaning solvent.

B. Validation Tests in Twelve-Bay Test Rig - Twelve test
specimens were tested in the validation phase of the program.
Table 5 lists the Test Conditions for the validation tests.
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C. Screening Tests in Continuous Rotation Test Rig - Eight

bearings were tested at the test conditions shown in Table 6.
(See the Theoretical Approach section of this report under the
heading Corollary No. 2 for a summary of the Latin square de-
sign used to establish these test conditions.)

D. Validation Tests in Continuous Rotation Test Rig - The

test conditions for the two validation tests are shown at the

end of Table 6.

TABLE 6. TEST CONDITIONS FOR SCREENING AND VALIDATION TESTS
IN CONTINUOUS ROTATION TEST RIG
BALL
ROTATIONAL RADIAL AXIAL BALL
SPEED LOAD LOAD ANGLE
TEST NO. (cpm) (psi) (1b) (deg)
(49 50 4000 60 6
50 50 2000 0 6
51 50 4000 0 0
o
5 Js2 50 2000 60 0
g o
g § 53 75 4000 0 6
A Hisg 75 2000 60 6
55 75 4000 60 0
56 75 2000 0 0
1 8 wB? 50 2000 60 6
o '.3 +
S w58 75 4000 0 0
ol
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E. Tests in Four-Bay Test Rig - Two MS14101-8 bearings, S/N
363 and 364, were tested in the four-bay test rig. As ex-
plained in detail in the Theoretical Approach section of this
report under Corollary Number 1, the bearings were alFernated
from bay no. 1 to bay no. 2 and were tested at five different
load levels. The five levels of load were 240, 480, 600f 720,
and 960 pounds. The oscillation frequency was 300 cpm with a
+10° angle of oscillation. No contamination was used. Zero
cyclic radial pressure, zero static axial load, and zero phase
angle were used.

TEST PROCEDURES

The procedures used were somewhat different for each test rig
as discussed below.

A. Twelve-Bay Wear Test Rig - As described in the Test Param-
eters section of this report, four groups of twelve bearings
each were tested in the twelve-bay wear test rig. (This in-
cluded the thirty-six screening tests plus the twelve vali-
dation tests.) Before each group was tested the following was
done:

1. Each of the twelve test specimens was installed in
its respective test housing. (Figure 7 shows the
housing configuration.)

2. Each of the twelve test specimens was installed in a
radial wear measuring fixture for determination of
initial radial wear tare readings. The radial wear
measuring fixture is a device in which load reversal
is applied to the ball:cf the test bearing in a radial
direction and a dial indicator is used to measure
radial displacement to 0.0001 inch.

3. Each of the twelve test specimens was installed in
an axial play measuring fixture for determination of
initial axial play readings. The axial play mea-
suring fixture is a device in which load reversal is
applied to the ball of the test bearing in the axial
direction and a dial indicator is used to measure
axial displacement to 0.0001 inch.

4. The test specimens which were to be contaminated with
either Skydrol 500A hydraulic fluid or P-D-680, Type
I dry cleaning solvent were immersed in their re-
spective fluid, the test specimens were installed in
their respective test bay, and no additional contam-
ination was added for the duration of the test.
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5. Each of the twelve test specimens was installed in
its respective bay in the test rig and initial radial
wear measurements were taken with a depth micrometer
using a constant tension load and also a constant
compression load. (The difference between the two
readings was the initial radial play in the re-
spective test specimen.) See the Data Reduction
section of this report for greater detail on the
depth micrometer readings.

6. The specific testing conditions (including static
radial load, cyclic radial load, ball angular oscil-
lation, phase angle, and static axial load) were ad-
justed for each individual test specimen.

7. The test rig was started and an oscillograph record
was taken showing a time history of the radial loads
being applied to each of the twelve teést specimens.
The test rig was stopped, the oscillograph record was
analyzed, and any major discrepancies in the various
test conditions were corrected.

Once the test conditions had been validated, the testing was
begun and each of the twelve test specimens was tested for
350 hours or until failure, depending on which occurred first.
Wear measurements were taken on each of the twelve test spec-
imens after 6, 24, 50, 72, 100, 137, 175, 250, and 350 hours
of test time.

After each test specimen had either failed or had reached the
required 350 hours of testing, it was removed from the test
rig and radial wear and axial play readings were obtained in
the aforementioned wear measuring fixtures.

B. Continuous Rotation Wear Test Rig - Before the start of
testing of any particular test specimen in this rig, the
following were done:

1. Each bearing was installed in a steel test housing
similar to that shown in Figure 7.

2. Each bearing was installed in the radial wear
measuring fixture for determination of initial
radial wear tare readings.

3. Each bearing was installed in the axial play

measuring fixture for determination of the initial
axial play.
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4. Each test specimen was installed in its respective
bay in the test rig.

5. The specific testing conditions were adjusted for the
particular bearing.

Each bearing was tested for 200 hours or until failure, de-
pending on which occurred first. At the approximate test
times of 30, 60, 90, 120, 160, and 200 hours, the test bear-
ings were removed from the test rig for wear measurement in
the radial wear measuring fixture. In addition, axial play
measurements were taken at the same measuring times for those
bearings which had the 60-pound static axial load.

C. Four-Bay Wear Test Rig - The test bearings were installed
in their respective housings and then installed in the test
rig. 1Initial radial wear tare readings were taken with the
radial test load applied. No axial play or radial play read-
ings were taken on the wear measuring fixtures. Wear readings
were taken without removal of the test bearings from the test
rig and at the test times shown in Table 17.

DATA REDUCTION

A. Twelve-Bay Test Rig - Without removal of the test bearings
from the test rig, wear measurements were taken at 0, 6, 24,
50, 72, 100, 137, 175, 250, and 350 hours of test time. At
each measuring interval, the subject test bearing was placed

in 200 pounds compression and depth micrometer readings were
taken on a reference surface at the center of the bearing
housing and also on the bolt on each side of the ball. As
shown in Figure 8, the depth micrometer rested on the rig bear-
ing pillow blocks which provided a good solid measuring ref-
erence surface. Depth micrometer readings Dy, and DR were taken
by 1qserting the stem of the depth micrometer through a machined
opening in each clamping bushing and making contact with the
through-bolt on each side of the bearing ball. Use of readings
Dy, and DR provided a means of eliminating bolt bending and rig
bearing wear from the bearing wear measurement. The readings
under compression load are identified as Dyq, Dges and Dcc.
Subsequently, the subject test bearing was placed in 200 pounds
tension and depth micrometer readings of Dpr, Dry, and D¢

were obtained. Thus, the data consisted of six readings Eor
each test bearing at each measuring interval.
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A time-shavre computer program entitled DRYIBl was written to
automatically convert these siy readings to values of wear on
the compression side of the bearing and wear on the tension
side. The DRYLB1 program can best be understood if one refers
to Figure B and realizes that the six readings, Dre, Dre, Dec,
DL DRrT» a@nd Dog, cin bé used to calculate the vadial play of
the test bearing as follows:

Radial Play = [{Dpe+DR¢)/2<Décl = { (Byp+Opyp) /2-Ben)
This equation can be written in a simplified form:
Radial Play = Be - Dw where

n(. % t(nLC 4 DRC) /';iaDCC] and hT - ‘(DLT‘*'DRT)"“,2-['(:'1‘]

The D¢ and Dy valueg obtained before the start of testing (zexro
hours of test time) Were used by DRYLB1 as reference dimensions
for calculation of wear on the compression side and wear on the
tensjon side of the test hearing, respectively. Thus, at
measuring time, n hours, DRYLB1 calculated wear with the follow-
ing equations: '

(\h(‘)n -~ (n(“n a: (n(‘)o

where :
(“k)n = Weax on compression side of bearing after n
hours of testing

(We),, = Welr on tensién side of bearing after n hours
of testing

(1), and (0 ’h = Valuesg of bg and Dy calculated from
~ ‘ecudkion above with the eix readings obtained
at time, n :

(D)o and (b:) = values of Do and Dy calculated from
: equation above With the six readincs obtained
before start of test.

It is important %o note that the wear readincs ma calculate

to be negative, thus indicAting that wear debrics has rede- »
posited itself, (Por example, test bearing DL-7 which had been
tested at 2000 psi tension With 1500 psi cyclic radial pressure
had positive wear for the measurcments taken with the ¥od end
reacting tension MUt had negative wear for the measuremente
taken with the vod end reacting compression.)
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B. Four-Bay Test Rig - Only readings Dyp, Drp, and Dcr were
taken: No readings were taken with the bearing in com-
pression. The equatior, (Wp), = (Dp)g - (D), which was

described for the twelve-bay test rig was used to obtain
test bearing wear.

TEST RESULTS

Sixty-one bearings were tested in this program, of which
fifty-nine were Rexnord bearings. The bearings performed
exceptionally well in spite of the frictional heating en-
countered in the first couple of hours of testing on the
twelve-bay test rig. The Rexnord bearings had minimal
clearance and could be classified as "tight" bearings. (See
Appendix F for a tabulation of initial radial and axial play
readings for 48 of the Rexnord bearings.) It is postulated
that the minimal clearance condition caused these bearings to
run hot enough to burn a finger and the bearings did not cool
down until additional clearance had been produced by the wear-
in process. (In contrast, the bearings tested in the con-
tinuous rotation test rig ran hot throughout their entire test
runs.) No deleterious effects were noted because of the
frictional heating encountered on the twelve-bay test Eigis
This cannot be said for the continuous rotation test rig and
will be discussed in detail later.

Fo;ty-nine bearings were tested in the twelve-bay test rig and
thirty-eight of them survived the planned 350-hour test run.
One additional bearing, DL-14 (1-2)2, had also survived the
planned test run but was classified as a failure because of
the high radial wear and axial play readings exhibited after
test comyletion. Thirteen of the forty-nine bearings were
tgsted with water. ©Not only did these bearings experience tie
highest wear values, but also they had essentially failed by
the end of the 350-hour test run. Six of the thirteen water
contqminated bearings had a static axial load of 60 pounds
applied (DL-27(2-11l)@ had only 30 pounds), and these bearings
had pigh axial wear. In contrast, bearing DL-7(1-7A)2 had no
§ta§1c axial load, low axial wear, but high radial wear. It
1s 1mportant to note that high wear caused by water contami-

nation is common to all Teflon bearings and therefore is not
peculiar to this particular type of bearing.

a Note: The bearings will be designated by the following

format:
DL-XX(Y-Z) where
DL-XX = bearing serial number
Y = run number (4 runs performed)
Z = bay number in which the bearing was tested
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WEAR MEASUREMENTS (TWELVE-BAY TEST RIG)

Wear measurements were the main outcome obtained from the tests
in the twelve-bay test rig. Table 7 presents the measured

wear (corrected for rig bearing wear) for the portion of the
bearing liner which is loaded when the rod end shank is in com-
pression. Table 8 presents the measured wear (corrected for
rig bearing wear) for the portion of the bearing liner which

is loaded when the rod end shank is in tension. It can be
noted that negative wear values show up in both tables. This
is the direct result of wear debris being redeposited into a
region of the bearing wherein there is either no load or a
reduced level of load. The effect is most pronounced in a
bearing which is loaded in steady compression (or tension).

The negative wear will appear on the unloaded side of the bear-
ing. Because of this phenomenon, radial play and total bearing
wear are not always equal. Radial play for any particular
bearing is the summation of the wear value listed in Table 7
and the corresponding wear value in Table 8. Take, for example,
test bearing 4-1 which was tested at 2000 psi tension with zero
cyclic radial pressure. At 100 hours the bearing had experi-
enced .00035 inch of wear on the loaded side (tension), but

had also undergone .00020 inch of negative wear due to re-
deposition of wear debris to the unloaded side (compression).
The radial play at 100 hours was .00015 inch, but the total
wear was .00035 inch. (Please see note c on Table 9.)

Total bearing wear may be a difficult concept to grasp. For
bearings loaded primarily in one direction wherein the load
may reduce to zero but does not reverse direction, total bear-
ing wear equals the wear measured on the loaded side. For
bearings with reversing loads, total bearing wear is the
summation of the wear measured in both directions (for in-
stance, test bearing 2-11 which had zero static radial pressure
and 1500 psi cyclic radial pressure). At 100 hours the wear
on the compression side was .00120 inch and the wear on the
tension side was .00070 inch. Therefore, total bearing wear
is the summation of those two values, or .00190 inch. Radial
play also is .00190 inch for this particular bearing. Table

9 presents the total bearing wear for all 49 test bearings.

PLOTS OF WEAR VERSUS TIME (TWELVE-BAY TEST RIG)

Figures 9 through 21 are plots of liner wear versus time for
the thirteen bearings tested with water contamination, plus
bearing DL-40(3-5) tested with sand and dust. Each plot
presents the wear on the compression side, the wear on the
tension side, and total bearing wear. The plots for the re-
maining 35 bearings were not presented because of the low
values of wear encountered.
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